an almost identical stem-internal loop-stem structure, suggesting a common mode of recognition by the protein. In addition, these data show that the U4 snRNP and the box C/D snoRNPs form homologous RNP structures, suggesting a common evolutionary origin.
Results
Snu13p, a Spliceosomal Tri-snRNP Protein, Copurifies with the Yeast U3 snoRNP In order to purify the U3 snoRNP from the other RNPs, a specific affinity tag, the human U1A protein binding site, was inserted into stem-loop 4 of the yeast U3 snoRNA (see Experimental Procedures). The modified U3 snoRNA was then coexpressed together with a gene encoding an HA-tagged fragment of the human U1A protein in a yeast strain where the wild-type U3 gene is under the control of the Gal promoter. These cells grow on glucose-containing media, conditions under which the modified snoRNA is the only source of U3 in the cell. This demonstrates that the tag does not disrupt U3 snoRNP function. The m 3 G-capped snoRNPs/snRNPs were first purified using an anti-cap antibody column and subsequently passed over an anti-HA-antibody column. The bound material was then eluted using an excess of the HA epitope peptide.
The tagged U3 snoRNA was present in the eluted fraction ( Figure 1A ; confirmed by Northern blot, data not shown) along with some contaminating U2 snRNA (in a 3:1 ratio). The major protein bands in this eluate were identified by mass spectrometry peptide sequencing may have been lost during purification or present in substoichiometric amounts in the U3 snoRNP ( Figure  1B) . Surprisingly, the 13kD protein at the bottom of the Strikingly, a very similar pattern of RNAs was coprecipigel was identified as Snu13p, a component of the yeast tated with either tagged Snu13p or tagged Nop1p and spliceosomal U4/U6.U5 tri-snRNP (Gottschalk et al., no RNA was detected from the wild-type, nontagged 1999; Stevens and Abelson, 1999 ). This protein is the strain. The RNAs coprecipitating with Snu13p and Nop1p likely ortholog of the human U4 snRNA binding 15.5kD not only include U3, but also the box C/D snoRNAs snR63, protein (71% identity, 86% similarity), which was also snR190, snR4, snR45, U14, and snR13 ( Figure 2A ). As shown to be present in the human spliceosomal U4/ Nop1p has been demonstrated to be a component of U6.U5 tri-snRNP (Nottrott et al., 1999 Two major RNA bands efficiently coprecipitated with tations were performed on whole cell extracts using either anti-HA antibodies or IgG agarose (Figure 2A) .
Nop1p but not Snu13p (Figure 2A ; marked *); how-In view of the evolutionary conservation of Snu13p between yeast and mammals, we next investigated whether the human ortholog of Snu13p, the 15.5kD protein, is also an integral component of the human box C/D snoRNPs using 15.5kD specific antibodies for immunoprecipitation studies (Nottrott et al., 1999) . As a comparison, HeLa extracts were also precipitated with anti-hNop58 (core box C/D protein) and anti-Sm (spliceosomal snRNP protein) antibodies. Coprecipitated RNAs were subsequently labeled with [ 32 P]pCp and analyzed on an 8% polyacrylamide/7 M urea gel ( Figure 2B ). Strikingly, the RNAs that were coprecipitated with hNop58-specific antibodies were also coprecipitated with antibodies specific for the 15.5kD protein (U3, U8, U13, U15, U22, and several RNAs between 60 and 90 nt in length; Figure 2B, lanes 3 and 4) . Interestingly, several smaller RNAs were coprecipitated with 15.5kD but not hNop58 antibodies. These RNAs have not yet been identified and will be the subject of further investigations. In comparison, little or no RNA was detected when just protein A Sepharose was used (lane 2). Primer extension analysis of the precipitated RNAs confirmed that the box C/D snoRNAs (e.g., U3, U8, U13, and U15) but not the H/ACA snoRNAs (such as U17 and U64) are specifically coprecipitated with the 15.5kD protein (data not shown). This demonstrates that the 15.5kD protein is specific for the Western blot analysis using anti-15.5kD antibodies, that also recognize the yeast ortholog, revealed that this growth defect follows the depletion of Snu13p from the ever, a longer exposure revealed that these RNAs are cell and after 8 hr this protein is no longer detectable also coprecipitated with the tagged Snu13p (data not ( Figure 3B ). shown). These quantitative differences may reflect a
The analysis of the RNA extracted at each time point difference in either the expression levels of individual revealed a dramatic reduction in most of the tested snoRNAs in the two yeast strains, or the accessibility of cellular RNAs between 8 and 12 hr growth in glucose various epitope tags in different complexes. In summary, media ( Figure 3C ). These RNAs not only include the our data demonstrate that Snu13p is a novel common box C/D snoRNAs, but also the H/ACA snoRNAs, the core component of box C/D snoRNPs in addition to the spliceosomal RNAs U2 and U4 (also U1, U5, and U6; previously characterized proteins Nop56p, Nop58p, and data not shown), and the ribosomal RNAs. We also observed the loss of mRNAs encoding the ribosomal proNop1p (fibrillarin). teins S17A and S14A (genes RP51A and CRY1, respecof the box C/D snoRNAs remain constant or are reduced during the first 4 hr, and at 8 hr are significantly reduced tively); however, we did not observe the accumulation of unspliced pre-mRNA (data not shown). The level of compared to the wild-type strain ( Figure 3D ). This inhibition in the biosynthesis of box C/D snoRNAs correlates tRNA Ala is not depleted during this growth period and in contrast to the other RNAs, it appears to be significantly with the observed depletion of Snu13p and is consistent with this protein being essential for box C/D snoRNA increased after 12 hr growth in glucose media in comparison to the wild-type strain. It is, however, important biogenesis ( Figure 3B ). In contrast, the H/ACA snoRNAs and spliceosomal snRNAs that were tested during this to note that the point at which we observe the severe reduction in the bulk of cellular RNA corresponds to the study are unaffected by the loss of Snu13p during this initial incubation ( Figures 3C and 3D) . Therefore, the time at which cell growth is inhibited.
Closer examination of the relative levels of individual depletion of Snu13p results in a specifc reduction, or lack of accumulation, of the box C/D snoRNAs prior to RNAs revealed that the box C/D snoRNAs are affected prior to the major loss of total RNA but remain unaffected the loss of the bulk of cellular RNA. In conclusion, Snu13p is not only required to maintain the levels of in the wild-type strain ( Figure 3C ). In the wild-type strain, the relative levels of most of the RNAs tested increases box C/D snoRNAs but also appears to be required to maintain the steady-state levels of the majority of celluwith time, reaching a plateau between 16 and 20 hr ( Figures 3C and 3D ). In the GAL::SNU13 strain, the levels lar RNAs which results in an inhibition of cell growth. (Nottrott et al., 1999) . We have also Oligonucleotides containing the box C/D motif from this motif, oligonucleotides were synthesized in which either the G at position 1 or 4 of the internal loop of the several mammalian snoRNAs were synthesized to test whether this motif would be sufficient for 15.5kD binding U3 box B/C was mutated to C ( Figure 5D) . Mutation of the G at position 4 in the internal loop inhibited protein in a gel mobility shift assay ( Figure 5B) . It was decided to use the loop from the U4 5Ј stem-loop, which is not binding ( Figure 5E ; lanes 17 and 18), while the mutation of the G at position 1 in the internal loop had no effect conserved and does not contact the protein (Nottrott et  al., 1999) , to connect the box C/D sequences. As seen in (Figure 5E; lanes 15 and 16) confirming the novel position of box C within this structure. Consistent with this, it Figure 5E (lanes 1-4 and 9-12) Will and Hans-Peter Vornlocher for critically reading the manuscript. The SNU13 gene was amplified from yeast genomic DNA using This work was supported by the Gottfried Wilhelm Leibniz Program oligos 6 and 7 and cloned into pRS316 to create pRS316SNU13. and grants from the Deutsche Forschungsgemeinschaft (SFB397) Three copies of the HA epitope tag were added to the C terminus and the Fonds der Chemischen Industrie (to R. L.), the French Centre of the SNU13 coding sequence as described previously using oligos National de la Recherche Scientifique (PICS 744) and the French Ministè re de la Recherche et de l'Enseignement Supé rieur (to C. B.). 6 and 8, and 7 and 9 (Watkins et al., 1998a) .
